Introduction
In the last few decades, protein aggregation and fibrillization processes have attracted increasing attention due to the role that protein aggregation plays in the development of a wide range of diseases. More than 40 diseasesamong them Alzheimer's disease, Parkinson's disease, some forms of cancer, type II diabetes, and cataractsare associated with amyloid fibril deposits of a range of naturally soluble proteins (Groenning 2010 and references therein) . Moreover, recent studies suggest that the ability to form amyloid fibrils under appropriate conditions is a generic property of all polypeptide chains (Chiti and Dobson 2009) . Aggregation of proteins is a significant problem in the biopharmaceutical industry as well. Protein aggregation can occur during all stages of the manufacturing process, as well as during storage and distribution of therapeutic proteins, which might compromise the safety and efficacy of the product (Wang 2005; Vázquez-Rey and Lang 2011) . It is therefore of great importance for both biomedical science and the pharmaceutical industry to be able to carefully monitor and characterize protein aggregation.
Protein fibrillization/aggregation is commonly studied by using the fluorescent dye Thioflavin T (ThT). The use of ThT is based on the differences in fluorescence characteristics of ThT in solution and when bound to amyloid fibrils: free ThT in an aqueous environment shows only weak fluorescence while upon binding to amyloid fibrils, a remarkable increase in its fluorescence occurs (Groenning 2010; LeVine 1999) . In a typical ThT fluorescence assay, ThT in micromolar concentrations is added to the samples containing fibril structures, and the ThT fluorescence emission is monitored at ~490 nm (excitation at ~440 nm).
Abstract Thioflavin T (ThT) is a fluorescent dye able to enhance significantly its fluorescence quantum yield upon binding to protein amyloids. ThT assay is widely used to detect and quantify amyloids in a variety of conditions, including solutions with different pH levels. In the present work, the effect of acidic and basic pH on the conformation of the ThT molecule and its absorption and fluorescence properties was studied. The results show that both acidic and basic pH decrease significantly the intensity of ThT absorption in the visible region and fluorescence emission intensity. Low pHs induce an immediate "all-or-nothing" decrease in the ThT signal, while in alkaline solutions the ThT signal decreases gradually over time. pH-induced signal quenching is less in the presence of glycerol or protein aggregates. Two different mechanisms are responsible for the ThT signal quenching-the ThT hydroxylation at basic pH and protonation of the nitrogen atom of the dimethylamino group at acidic pH. ThT assays should be carefully carried out at basic or acidic pH as strong pH dependence of ThT could be responsible for misinterpretation and false positive/ negative experimental results. The potential unsuitability of ThT as a probe in solutions with high pH (>9) has been shown.
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The interaction of ThT with amyloid fibrils, and hence its fluorescence signature, is highly specific for protein aggregates, and may be differentiated from the existence of folded, unfolded, or partially folded monomeric proteins given that ThT does not bind significantly to these structures and so does not change its fluorescence properties in their presence. At the same time, ThT does not affect (or only has a limited effect on) the kinetics of the fibrillation process (Groenning 2010 and references therein) . In addition, the ThT fluorescence intensity is proportional to the weight concentration of fibrils formed from a specific protein (if all other conditions-temperature, ThT concentration, ionic strength, pH-are kept the same). These properties of ThT enable using a ThT assay to selectively stain amyloids to quantify the amyloid fibril structures and to monitor fibrillation kinetics in real time both in vivo and in vitro (Groenning 2010; LeVine 1999; Biancalana and Koide 2010) .
The Thioflavin T molecule comprises three structural fragments: a benzothiazole ring (I), the benzyl rings (II), and the dimethylamino group (III) (Fig. 1) . Despite the wide usage of the ThT assay, the exact photophysics associated with its fluorescence quenching and the molecular mechanism of the ThT binding to amyloid fibrils are not fully understood. Recent studies give an overview of the up-to-date findings on different ThT-binding models (Groenning 2010; Ren et al. 2013; Amdursky et al. 2012; Robbins et al. 2012; Wolfe et al. 2010; Krebs et al. 2005) . It seems most likely that the ThT monomer binds to β-sheets such that its long axis is perpendicular to the β-strands. Both recent experiments and ab initio quantum-mechanical potential energy surface calculations support the "molecular rotor" mechanism of the amyloid-induced fluorescence enhancement upon binding (Ren et al. 2013 and references therein; Amdursky et al. 2012; Sulatskaya et al. 2010; Stsiapura et al. 2008) . The family of the "molecular rotor" fluorescent molecules is often known as twisted intramolecular charge transfer (TICT) complexes, which undergo a twisting motion in the excited state (Haidekker et al. 2010) . The rotation (and emission) is controlled by its microenvironment (Amdursky et al. 2012; Stsiapura et al. 2010; Maskevich et al. 2007) . The molecular rotor model will be described in more detail in the "Discussion" section.
However, it has already been shown that several substances can interfere with ThT absorbance/fluorescence by either enhancing or suppressing it. For example, the authors of (Noormägi et al. 2012) showed that some low molecular weight substances (Tannic acid, Basic Blue 41, BB 12, Azure C) can interfere with the ThT assay by decreasing the fluorescence signal of ThT bound to insulin fibrils without inhibiting the insulin fibrillization process. The anionic, but not cationic or neutral, micellar microenvironment of SDS shifts the maximum of ThT absorption from 412 nm in buffer to 428 nm inside the micelle, with an increase in the peak molar absorptivity and a significant (some 13-fold) increase in ThT fluorescence (Kumar et al. 2008) . A significant retardation of the ultrafast torsional motion within the Thioflavin T molecule and an increase in the emission intensity and the fluorescence lifetime of Thioflavin T were also observed in the case of ThT confinement in the supramolecular nanocavity of β-cyclodextrin (Singh et al. 2011) . Besides, ThT is an unsuitable probe for amyloid fibril formation in the presence of polyphenols (curcumin, quercetin, and resveratrol) as phenolic aromatic rings make them chromophoric and intrinsically fluorescent; and therefore as a consequence the spectroscopic activity of the polyphenol will inevitably bias the fibril-associated ThT fluorescence (Hudson et al. 2009 ).
As a tool for detecting fibrils, ThT is used in a variety of chemical conditions, including solutions with different pH. The pH dependence of protein fibrillation/aggregation can be very important in elucidating the role of electrostatic charges in protein aggregation/amyloid formation. For instance, in Jha et al. (2014) , ThT and Nile Red dyes were used to study the pH dependence of amylin fibrillation; the authors of Sabaté et al. (2008) investigated the interaction of ThT with fibrils of the prion-forming domain of the fungal HET-s protein at pH 2. The effect of basic pH (made using potassium buffer solutions) on ThT fluorescence was studied in Foderà et al. (2008) . In that work, the authors showed that a reversible hydroxylation process occurs in alkaline solutions leading to a decrease in the ThT fluorescence signal.
In this work, we study the effect of acidic pH on the conformation of the ThT molecule and its spectroscopic and fluorescence properties, and compare the effects of acidic pH to that induced by basic pH, in which the latter is achieved using the free base form of l-arginine and l-lysine solutions. 
Experimental Chemicals
Thioflavin T, bovine serum albumin (BSA), lysozyme from chicken egg white, free base l-arginine, l-arginine monohydrochloride, free base l-lysine, l-lysine monohydrochloride were obtained from Sigma. 10× PBS buffer (pH 7.2) was obtained from Gibco. Glycerol was obtained from Thornton and Ross, UK. Unless otherwise specified, all materials and reagents used were of analytical grade.
ThT stock solution (1 mM) was prepared using doubledistilled water or 150 mM PBS buffer (pH 7.2) and filtered using a 0.2-µm filter. The stock solution was stored at 4 °C. Small aliquots of ThT stock solution were added to the working reactions immediately before the measurement (unless otherwise stated). ThT final concentrations were in the range of 10-100 µM (exact concentrations are shown in the figure captions). All samples containing ThT were kept in the dark to minimize photobleaching. Absorbance measurements of ThT in acidic solutions were performed by adding ThT to prepared solutions with low pH as well as by titrating HCl into the ThT solution.
The pH of aqueous/buffer solutions were measured using a Thermo-Scientific Orion semi micro electrode connected to a Mettler Toledo MP 220 pH meter calibrated using standard buffers with pH 4, 7, and 12, obtained from Fisher Scientific. Acid error and alkaline error were not taken into account when measuring very low (<2) and very high (>9) levels of pH.
UV-Vis absorption spectroscopy
UV-Vis solution-state absorption spectra or single-wavelength absorbance of samples with ThT were recorded using a Thermo-Scientific UV-Vis Evolution 60S spectrophotometer in 1-cm path-length cuvettes at room temperature (22 °C). The absorption spectrum of the solvent was subtracted from the solution absorption spectrum.
Fluorescence spectroscopy
Fluorescence measurements were carried out using a LS55 spectrofluorometer (Perkin-Elmer, UK) in 1-cm quartz cuvettes containing 2 ml of unstirred solution. Samples were mixed with appropriate amounts of ThT immediately prior to the measurements. The temperature inside the cuvette was maintained at 24.5 °C by a thermostatted cell holder. ThT emission spectra were recorded in 0.5-nm increments by exciting the sample at 445 nm and collecting the emission between 455 and 650 nm; the excitation and emission slit widths set at 2.5 and 5 nm, respectively. Final ThT concentration was 10 µM, BSA-10 mg/ml.
Protein aggregation
Protein concentration was measured by standard spectrophotometric methodology using a UV-Vis spectrophotometer, a 1-cm path-length quartz cuvette and a percent solution extinction coefficient of 26.4 E1 % for lysozyme and 6.67 E1 % for BSA at 280 nm. To induce protein aggregation/amyloid formation, protein solutions were pre-incubated at room temperature (22 °C) or at 45 °C for 2-5 days. The formation of aggregates was assessed using turbidimetry assay at 360 nm and the presence of aggregated was confirmed using light microscopy.
NMR

One-dimensional
1 H NMR spectra of ThT were acquired in deuterated solutions with different pH (1.2 ± 0.2, 6 ± 0.2, 10 ± 0.5). ThT final concentrations were in the range of 0.5-2 mM. Measurements were performed on a Bruker Avance 400-MHz NMR instrument. The spectra were acquired at room temperature (23 °C). For each sample, 512 or 1024 transients were acquired. DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) was used as an internal chemical shift reference.
FTIR
Infrared spectra of ThT films were recorded using an FTIR Platinum-ATR spectrometer (Bruker Tensor OPUS 27 FT-IR') from 400 to 4,000 cm −1 with a resolution 2 cm
and 70 scans. The spectra were corrected for the baseline. For casting ThT films, dry ThT powder was dissolved in aqueous or aqueous-HCl solutions (pH 1.3-1.5) and the solutions were placed onto a cellophane film or Teflon surface, allowing the solvent to evaporate off. Each ThT film was protected from light during drying.
SEM
ThT films were formed on a polystyrene surface either from aqueous ThT solution or from ThT acidic solution in the presence of HCl. SEM images of ThT cast films were taken using a Carl Zeiss EVO HD scanning electron microscope (UK) at different magnifications (1, 2, and 5 k). Samples were mounted on 12.5 SEM pin metal stubs using 12-mm carbon tabs (Agar Scientific). Water or water-HCl solutions on a polystyrene surface were used as a control.
Results
UV-Vis absorbance of ThT in aqueous and buffer solutions with acidic pH
The absorption spectrum of ThT in water shows the main absorption band with a maximum at 412-413 nm (Fig. 2a , spectrum 1). The peak frequency depends on the characteristics of solution and can shift from the shortest wavelength in water (412 nm) to longer wavelengths in solutions with low solvent polarity and up to 450 nm for ThT incorporated to the amyloid fibrils ). The band intensity depends linearly on the ThT concentration. ThT in water also shows relatively weak absorption signal in the UV region (260-340 nm). In solutions with low pH, the absorption spectrum of ThT undergoes significant changes: the intensity of the absorption peak at 413 nm decreases while the intensity of peak at 308 nm increases (Fig. 2a) . There is an isosbestic point at ~340 nm assuming a two-stage process. The decrease in ThT absorbance at 413 nm in acidic solutions is accompanied by a change in solution color-the ThT solution loses its yellow color and becomes light yellow or completely colorless, depending on the final pH. Figure 2b shows the dependencies of the ThT absorption intensity at 413 and 308 nm on the solution pH. ThT absorbance starts to change when the solution pH is reduced below ~2.5-3. The magnitude of the intensity alteration depends on the solution pH-the lower the pH the greater was the decrease in absorption intensity at 413 nm and the greater was the increase in absorption intensity at 308 nm.
The decrease in the ThT absorbance at 413 nm (and the change in color of the ThT solution) occurs practically immediately (within ~1 s) after the addition of HCl to the ThT solution (or after ThT injection into acidic solution). The time dependencies of the ThT absorbance at 308 and 413 nm (Fig. 2a, c) show a rapid decrease in the intensity of the absorbance band at 413 nm and an increase in the intensity of band at 308 nm. After the initial intensity drop, there was no change in the band intensities over time (Fig. 2c) . The total amplitude of the low-pH-induced change in the absorption intensity depends on the initial and final pH values only regardless of the way the solution pH changes, i.e., step-like or gradual (Fig. 2c , dependencies 1 and 2).
The effect of acidic pH on ThT absorbance (and color of ThT solution) is reversible-when pH was increased above 3, the absorbance at 413 nm also increased; at the same time the transparent ThT solution became yellow.
The absorption spectrum of ThT in 0.15 M PBS buffer (pH 7.2) was very close to the spectrum of free ThT in water (pH 6.0 ± 0.2) with an absorption maximum at 412-414 nm (data not shown). The effect of pH on ThT UV-Vis absorbance was similar in water and in PBS buffer.
UV-Vis absorbance of ThT in aqueous and buffer solutions with basic pH
In contrast to previous studies (Foderà et al. 2008) , the free base amino acids l-arginine (Arg) or l-lysine (Lys) were used to raise the solution pH. In the control experiments, l-arginine hydrochloride and l-lysine hydrochloride solutions were used to exclude the direct effect of amino acids on the ThT molecule. The addition of free base l-arginine or l-lysine solutions to pure water (pH ~ 6) or 150 mM PBS buffer (pH 7.2) caused significant shifts in the solution pH towards higher values. The dependencies of the solution pH on the Arg (Lys) concentrations in solutions obtained show that even relatively small concentrations of Arg or Lys (~0.1-0.3 mM) significantly shift the solution pH from neutral to alkaline (8-8.5). Higher concentrations of amino acids (~1-10 mM) caused much larger pH shifts (up to 10-11). It was also noted that the addition of Arg resulted in pH shift to higher values than from the addition of Lys, and for both amino acids the pH shift was stronger in water than in PBS buffer. Figure 3a illustrates typical changes in the ThT absorption spectrum over time upon addition of free base l-arginine. In basic solutions, as well as in acidic solutions (Fig. 2a) , the strong decrease in the intensity of the absorption band at 413 nm occurs. The decrease in the absorption intensity is accompanied by a decoloration of the ThT solution. However, in contrast to the acidic solutions, in the alkaline solutions the decrease in the absorbance does not immediately occur after a pH shift from neutral to basic, but gradually over time. Figure 3b shows the time dependencies of the ThT absorbance at 413 nm in the presence of several Arg concentrations. The higher Arg concentration (and consequently the higher the solution pH) the faster was the decrease in absorbance. The dependences of the absorption intensity as a function of time (Fig. 3b) can be described by an exponential decay allowing estimation of the rate constant. Figure 3c shows the dependence of the rate constants of the ThT absorbance decay on the solution pH. In the range of basic pH, the rate of ThT signal decay strongly depends on the solution pH and increases when the pH increases above 8.5-9. The strongest decay in ThT absorbance was observed for pH > 10. The rate constant values obtained in the presence of Arg and Lys, as well as in water and in PBS buffer, are superimposed (Fig. 3c) .
As in the case of low pH, the decrease in absorbance at high pH is reversible-both the intensity of the absorbance at 413 nm and yellow color of the solution were recovered upon lowering the solution pH below 7.8-8. The addition of l-arginine hydrochloride or l-lysine hydrochloride solutions with pH 7.2 to ThT solution had no effect on ThT absorbance or fluorescence thus excluding the direct effect of arginine or lysine amino acids on ThT.
Effect of viscosity on ThT absorbance in acidic and basic solutions
A significant decrease in the intensity of ThT absorption in solutions with acidic and basic pH also occurs in the presence of co-solvents with increased viscosity (i.e., glycerol, sucrose). High concentrations of glycerol (>20 vol%) also shift the maximum of the ThT absorption band from ~413 to ~419 nm in both acidic and alkaline solutions, as well as in aqueous solution at neutral pH.
The presence of glycerol does not alter the general character of the time dependence of the absorption intensity of ThT in solution upon decreasing the pH from neutral to acidic, i.e., there is a significant drop in the intensity, which occurs immediately after the pH shift (Fig. 4a) . However, the intensity decrease in acidic solutions containing glycerol is less than in aqueous solution at the same pH. The dependence of the intensity of ThT absorption at 413 nm on glycerol concentrations at low pH (1.67) is presented in Fig. 4a , insert. The result shows that in acidic solutions, glycerol induces a small increase in ThT absorption intensity. A similar result was obtained for aqueous-glycerol solutions with neutral (6.1) pH (data not shown).
In solutions with basic pH, ThT absorbance at 413 nm decreases gradually over time in water-glycerol solutions, in a similar way to that was for pure water and PBS buffer (Fig. 3b) . The dependence of the decay rate constant on glycerol concentrations in solutions with high pH (10.3) is presented in Fig. 4b and shows that glycerol significantly decreases the rate of ThT absorption decay.
Effect of acidic and basic pH on ThT absorbance in the presence of protein aggregates
The general appearance of the absorption spectrum of ThT in the presence of proteins (lysozyme or BSA) or protein aggregates was similar to the ThT spectrum in aqueous solution with the absorption maximum at ~413 nm. It is known that free (unbound) ThT in solution has an absorption maximum at ~412 nm while ThT bound to amyloid fibrils has an absorption max at 440-450 nm ). Since the ThT molecules have low-to-moderate affinity to fibrils ), the amount of unbound ThT molecules in solution prevails and therefore the ThT absorption spectrum in the protein solution is almost the same as the spectrum of unbound ThT. Similar results were observed in a number of other works (Foderà et al. 2008; Kuznetsova et al. 2012) . The acid-induced decrease in ThT absorbance at 413 nm is smaller in the presence of proteins than in pure water (Fig. 5a, insert) , meaning that the presence of a protein increases the ThT quantum yield at acidic pH. Similar to the case of protein-free solution, in the presence of protein, the decrease in ThT absorbance occurs immediately after the pH shift towards acidic pH. Following the initial rapid decrease in absorbance, the absorbance then remains constant. The dependence of the relative decrease in absorbance on the protein concentration (in the range of concentrations studied) has a linear character (see Fig. 5a , insert).
In alkaline solutions the intensity of the ThT absorption band at 413 nm decreases gradually over time in the presence of proteins, as was the case in protein-free solutions (Fig. 5b) . The rate constant depends on the protein concentration in solution and decreases when the protein concentration increases (Fig. 5b) .
ThT fluorescence in solutions with acidic and basic pH
In order to study the impact of acidic and basic pH on ThT fluorescence emission, the protein (BSA and lysozyme) solutions at different pH were used, as free ThT has a very low fluorescence emission signal. Figure 6a shows the typical fluorescence emission spectra of ThT in the presence of protein (BSA) aggregates in 150 mM PBS buffer, pH 7.2 (top curve) and in PBS buffer containing l-arginine, as a function of time. The addition of arginine shifted the pH from neutral to ~9.2-11, depending on the arginine concentration. As was the case for the absorbance at 413 nm, the ThT fluorescence signal in alkaline solutions decreases gradually over time (Fig. 6a) . Figure 6b presents the time dependences of the intensities of the ThT fluorescence emission signal in alkaline solutions. As is seen, the higher the arginine concentration in solution (i.e., the higher the solution pH), the faster the decrease in the ThT emission intensity. Rate constants calculated from the curves in Fig. 6b using second-order exponential decay function are shown in Fig. 6c . As was the case of absorption decay rate constants (see Fig. 3c ), the rate constants of fluorescence emission decay increase with the pH of the solution. This increase in rate constant is more pronounced when the solution pH is >10. A similar quenching of the ThT fluorescence emission signal was observed in the presence of l-lysine free base (data not shown). Both l-arginine hydrochloride and l-lysine hydrochloride solutions, at pH 7.2, had no effect on the ThT fluorescence emission spectrum. In the case of acidic pH, the decrease in the ThT emission intensity occurs immediately after pH shift from neutral to acidic or after the addition of ThT to the low-pH solution containing protein aggregates (Fig. 6d) . A comparison of Figs. 2 and 6d shows that the effect of low pH on the ThT absorbance (in solutions with no proteins) and ThT fluorescence (in the presence of proteins) is identical. A comparison of Figs. 2, 3, and 6 also shows that the pattern of the pH-induced decrease in the ThT fluorescence emission completely reproduces the pattern of the ThT absorbance decrease.
NMR spectra of ThT in aqueous solutions with acidic and basic pH
The 1 H NMR spectra of ThT in deuterium/water pH (5.8-6.1), ThT in deuterium/water/HCl (pH 1-1.5) and ThT in deuterium/water/l-arginine solutions (pH 9.5-10) were recorded in order to analyze the molecular structure of ThT in acidic and alkaline solutions.
The ThT molecule (Fig. 1) includes 19 protons belonging to five groups: two aromatic groups (A-benzothiazole and B-amino benzene groups), two methyl groups (D and C) and a dimethylamino group (E). Figure 7 presents the NMR spectra of ThT at neutral and acidic pH. There are two regions of interest in the NMR spectrum of ThT: (1) the 6.8-8.2 ppm region associated with the aromatic hydrogen atoms of groups A and B, and (2) the 2-4.5 ppm region associated with the non-aromatic hydrogen atoms of the pendant groups D, C and E. Table 1 shows the chemical shifts in the NMR spectra assigned to protons belonging to the corresponding groups of the ThT molecule. Comparison of the ThT NMR spectra in neutral and acidic solutions ( Fig. 7 ; Table 1) shows that in acidic solutions the chemical shift of all protons changes by at least 0.05 ppm, with the largest effect being observed for the protons from group B-the change in the chemical shift for B4 and B4′ was +1.03 ppm. Among the methyl groups, the largest change in the chemical shift corresponded to the protons from group E (+0.33 ppm), which are very close to the nitrogen atom N2 (Table 1) .
In order to analyze changes in the structure of ThT at basic pH, the NMR spectra of ThT were recorded after 2-h incubation in solutions containing base l-arginine (pH 10.1). The results show that upon incubation with a high-pH solution of l-arginine, all peaks of the NMR spectrum of ThT moved towards lower ppm values. The largest change was observed for the methyl-N8 group (group C in Fig. 1 ). The changes in the ThT NMR spectra in alkaline solutions were very similar to those observed for ThT in deuterium phosphate buffer at pH 8.9 as reported by Fodera et al.
FTIR spectra of ThT films
ThT films on cellophane were produced from ThT aqueous solutions with either neutral pH (6-7) or acidic pH the 2,800-3,000 cm −1 region (Fig. 8, curve 1) . ATR-FTIR spectra of ThT films (Fig. 8 , curves 2 and 3 correspond to films prepared from neutral and acidic ThT solutions, respectively) show several characteristic bands, two of these are strong bands at 1,603 and 1,506 cm −1 associated with the benzene ring skeletal C=C stretching vibrations, whereas another band is associated with the bending vibrations of the CH bonds of the aromatic ring in the 670-900-cm −1 region. There is a tertiary amine C-N stretch vibration band around 1,208 cm
, which is present for both films. In both cases, there is no evidence of a secondary amine band. In addition, the absence of bands in the 1,620-1,850 cm −1 region evidences the absence of the carbonyl groups in the molecule. A broad (due to hydrogen bonding) peak at ~3,400 cm −1 is, likely to be due to O-H stretch vibrations of water impurities, as the relative intensity of the peak increases with time when samples are exposed to the humidity of the environment (~55 % RH).
Comparison of the spectra of ThT films prepared from the solutions with neutral and acidic pH (Fig. 8) shows that these films reveal very similar IR spectra. Moreover, both ThT films were of a yellow color despite being prepared from either a yellow-colored ThT solution at neutral pH or almost colorless ThT solution at low pH. The results confirm that pH-induced changes in ThT absorbance do not involve a permanent alteration in the ThT structure.
Scanning electron microscope images of ThT re-crystallized from solutions with neutral and acidic pH
SEM micrographs of ThT re-crystallized from solutions with neutral and acidic pH are given in Fig. 9 . The images show that ThT forms similar crystal structures regardless of the solution pH used to dissolve ThT powder. The result also confirms the reversibility of the pH-induced changes in the ThT properties.
Discussion
Thioflavin T assay, based on the ThT ability to enhance its fluorescence quantum yield by orders of magnitude upon binding to amyloids, has been widely used to detect amyloid fibrils. Some of the main advantages of the method are its simplicity, low ThT interaction with folded or unfolded protein monomers, minimal (if any) impact on the aggregation level and pathway, and that the method can be used to assess the amyloid formation both in vitro and in vivo. The results obtained in the present work show that Thioflavin T is rather sensitive to both low and high pH. Table 2 summarizes the findings and compares the effects of acidic and basic pH on the ThT absorbance and fluorescence. Both acidic and basic pH induce significant decrease in the ThT signal (absorbance at 413 nm and fluorescence emission) and discoloration of the ThT aqueous or buffer solutions. When studying the pH effect on ThT fluorescence one must recognize that the fluorescence signal is usually studied in the presence of protein aggregates or amyloids, as the fluorescence intensity of free (unbound) ThT is low and only rises in the presence of protein aggregates/ amyloids (Groenning 2010 and references therein; LeVine 1999) . In the latter case, the pH shift could not only have an impact on the ThT fluorescence signal but also on the level of aggregation, which in turn will affect the ThT emission signal. In the present work, emphasis was placed on the study of pH-induced changes in ThT by UV-Vis absorbance and NMR, which allow monitoring the pH effect on the ThT molecule alone.
pH-induced changes in the ThT signal are reversible. The results on ThT absorbance, fluorescence, FTIR, and SEM confirm that there are no permanent alterations in the ThT molecule involved in the pH-induced quenching of the ThT signal.
Our results show that the main difference between the effects of acidic and basic pH on ThT absorbance/fluorescence appears in kinetics of the ThT signal quenching (Table 2) . Low pH induces an immediate and final "allor-nothing" step-like decrease in the ThT signal, while in solutions with high pH the ThT signal decreases gradually over time. The different characters of ThT non-radiant quenching assume two different mechanisms.
In the case of alkaline solutions, a reversible hydroxylation process, initially proposed by Cundall et al. (1981) , has been suggested to be responsible for ThT absorbance/ fluorescence decay (Foderà et al. 2008) . The structure of hydroxylated ThT with OH-bound to the nearest benzothiazole group, involving loss of a positive charge of the nitrogen N8 and a mutual rotation of the different fragments, was proposed by Foderà et al. (2008) . Despite using a different approach to achieve high pH values [free base l-arginine or free base l-lysine in the present work and potassium phosphate buffer with pH 8.9 in (Foderà et al. 2008 )], our results on ThT behavior in alkaline solutions (ThT absorbance, fluorescence and NMR) are in excellent agreement with the results reported by Fodera and co-authors and support the ThT hydroxylation at basic pH hypothesis.
One can assume that another mechanism should be responsible for non-radiant ThT quenching at acidic pH. In order to elucidate the possible mechanism, let us consider the conformation of the ThT molecule and the charge distribution within it.
A non-bound ThT molecule in aqueous solution has a non-planar conformation (Groenning 2010 and references therein) . Van der Waals repulsion between the methyl group at N8 atom of the benzothiazole ring and hydrogen atoms of the benzyl ring makes the planar configuration of the ThT molecule energetically unfavorable (Sulatskaya et al. 2010) .
As a molecular rotor, the ThT molecule undergoes a twisting motion in the excited state. Photon absorption usually elevates a molecular rotor molecule to the locally excited (LE) state in the planar configuration, where the angle of intramolecular rotation is close to zero (Haidekker et al. 2010) . After photon absorption, a molecular rotor can return to the ground state either from the LE state or undergoes intramolecular rotation [and intramolecular charge transfer (ICT)] and return to the ground state from the twisted state (Haidekker et al. 2010) . Usually, the twisted state is characterized by a larger intramolecular rotation angle. The de-excitation from the twisted state has either a red-shifted emission wavelength or no emission at all (nonradiative deactivation). It was shown that the ThT molecule is photoexcited to its first Franck-Condon fluorescent locally excited state and then exhibits an ultra-fast twisting around a single C-C bond in the middle of the molecule to its excited state minimum, during which charge transfer (CT) to the benzothiazole group occurs (Amdursky et al. 2012; Stsiapura et al. 2010 Stsiapura et al. , 2007 . Photoinduced TICT (twisted intramolecular charge transfer)-state formation for Thioflavin T has been shown by (Stsiapura et al. 2010 (Stsiapura et al. , 2008 . They found that upon photoexcitation, decay lifetime of fluorescent LE-state for ThT in low-viscous solvents does not exceed 12 ps and LE-state is quickly converted to TICT-state of the dye; at that rate of LE → TICT process significantly depends on solvent viscosity (Stsiapura et al. 2010) . Quantum mechanics calculations revealed that in the ground state, S 0, the potential energy minimum for the ThT molecule is achieved at ϕ ~ 37° and in the first excited state, S 1 , at ϕ ~ 90°, where ϕ is the torsion angle between the benzothiazole and aminobenzole rings (Sulatskaya et al. 2010; Stsiapura et al. 2007 ). This twisted-internal-charge transfer (TICT) is responsible for significant quenching of the ThT fluorescence Stsiapura et al. 2010 ). In the amyloid-bound state, the internal rotation of the ThT molecular segments is inhibited, therefore the electron cannot cross from LE into the non-radiative "dark" CT state. As the LE state has high oscillator strength, suppression of the LE → TICT quenching enhances radiative locally excited-state relaxation to the ground state resulting in strong increase in ThT fluorescence signal (Amdursky et al. 2012; Erez et al. 2011) .
The ThT molecule also has a positive charge (+1e) at the nitrogen atom N(8); in fact, the partial charge is distributed non-uniformly between the molecule segments (Sulatskaya et al. 2010 and references therein) making the ThT molecule polar. The charge distribution depends on the molecule state (ground or excited) and the angle between two rings (Table 3) .
The analysis of the NMR spectra of ThT in acidic solutions (Fig. 7) shows that the strongest alterations in the (Cundall et al. 1981; Foderà et al. 2008) chemical shifts are observed for hydrogen atoms in the vicinity of N2 nitrogen atom (Fig. 1) and for hydrogen atoms of the benzyl rings: the chemical shifts for B4 and B4′ atoms are ~1 ppm and for B5 and B5′ atoms −0.34 ppm (Table 1) . At the same time the chemical shifts of hydrogen atoms in benzothiazole ring and methyl group at N8 are altered much less ~0.05 ppm for groups C and D, 0.13-0.19 ppm for group A (Table 1) . These results can be explained by protonation of the nitrogen atom N2 of the dimethylamino group (group E, Fig. 1 ) in solutions at acidic pH. Protonation of N2 atom is expected to result in significant changes in the partial charges distribution in the ThT molecule. According to (Sulatskaya et al. 2010 and references therein), the locally excited state is characterized by a large partial charge on aminobenzyl ring (+1.1 when the torsion angle is equal to 90°, Table 3 ). One can suggest that protonation of the N2 nitrogen atom makes the fluorescent locally excited state unfavorable thus promoting LE → TICT quenching. The results obtained show that the pH-induced decrease in the ThT signal is less in viscous solutions (Fig. 4) meaning that in the presence of glycerol, the ThT quantum yield is higher both at neutral and at low/high pH. The effects of solvent viscosity and temperature on the ThT fluorescence quantum yield and lifetime of the excited state in solutions with neutral pH were studied in a number of works Groenning 2010 and references therein; Sulatskaya et al. 2010; Stsiapura et al. 2008 Stsiapura et al. , 2010 . It was shown that the rate of LE → TICT process significantly depends on the solvent viscosity: an increase in viscosity results in a decrease in nonradiative rate constant and in an increase in ThT quantum yield. To explain the impact of glycerol it was assumed that viscous solvents block rotation in the two-ring ThT molecule due to steric hindrance, resulting in suppression of ThT quenching and an increased quantum yield Stsiapura et al. 2008) . Our findings (Fig. 4; Table 1 ) show that solvent viscosity has similar effect on the ThT quantum yield, regardless of the solution pH.
Our results clearly show that both acidic and basic pH affect ThT absorbance/fluorescence. However, due to the difference in the ThT response to low and high pH (Table 2), one must take two different standpoints on the use of this assay. There is a potential for using a ThT assay in the low pH solutions if the initial pH-induced decrease in the ThT absorbance/fluorescence signal is taken into account. However, unlike in the case of acidic solutions, in alkaline solutions the ThT absorbance/fluorescence decay is a dynamic process occurring relatively slowly and continuing persistently until the ThT signal reaches a minimum. In this case, there was no "background" process that could be easily subtracted/accounted for. Therefore, one can assume that ThT assay is unsuitable for use in solutions with high (>9) pH, especially in a kinetic experiment.
Overall, our results demonstrate that pH sensitivity can have a significant impact on the ThT assay results. Therefore, extreme care should be taken when using ThT assay at any pH other than neutral pH in order to prevent artefacts and false-positive or false-negative results in the study of protein amyloids, especially if the ThT assay is used as the sole experimental technique to detect and quantify the amyloids. It should also be stressed that the effect of all exogenous additives on the solution pH will need to be examined, even if a buffer with a neutral pH is used to dissolve all components. In the present work, we have illustrated the potential for obtaining false-positive results, using the effect that the free base l-arginine has on ThT, as an example. l-arginine has been shown to reduce Thioflavin T fluorescence but not protein fibrillation in (Liu et al. 2010) . However, in the work it is not indicated whether the pH of the final solutions containing arginine were monitored. Our results show that, being dissolved in a buffer (PBS or TrisHCl), even small concentrations of free base l-arginine (but not l-arginine hydrochloride) shift the pH of the solution towards high values (above 9). As a result, the apparent effect of l-arginine on ThT absorption and fluorescence is in fact not a result of a direct amino acid effect on the ThT molecule but more likely a result of high-pH-induced ThT inactivation. Authors (Sabaté et al. 2008 ) studying the interaction of ThT with fibrils of the fungal HET-s prion protein assembled at pH 2 have found that interaction is dramatically decreased at acidic pH. In this case, low-pHinduced ThT inactivation might bias the results.
Conclusions
Our results show that ThT absorbance/fluorescence strongly depends on the pH of the solution-with both acidic and Table 3 The charge distribution in ThT molecule in the ground and excited states as calculated for the different values of the torsion angle between two rings [data from (Sulatskaya et al. 2010 basic pH inducing a significant decrease in ThT absorbance at 413 nm and fluorescence, as well as discoloring of the ThT solution in aqueous and in buffer solutions. This pHinduced decrease in the fluorescence quantum yield is less in viscous solutions containing glycerol or in the presence of protein aggregates. The main difference between acidic and basic pH effects on ThT absorbance/fluorescence has been shown in the kinetics of the ThT signal quenching, with low pH inducing an immediate "all-or-nothing" steplike decrease in ThT signal while in alkaline solutions the ThT signal decreases gradually over time. Two different mechanisms are responsible for ThT signal quenching, the ThT hydroxylation at basic pH and the protonation of the nitrogen atom of the dimethylamino group at acidic pH. On the basis of the results obtained, one can conclude that ThT assays should be carefully carried out at basic or acidic pH as a strong pH dependence of ThT could be responsible for misinterpretation and false-positive/negative experimental results.
